Detailed analysis of Raman and Raman optical activity (ROA) of L-alanine zwitterion (ALAZW) revealed that shapes of the spectral bands are to a large extent determined by the rotation of the NH 3 + , CO 2 -, and CH 3 groups. Aqueous solution ALAZW spectra were measured down to 100 cm -1 and compared to complex simulations based on ab initio (B3LYP/CPCM/6-31++G**) computations of molecular energies and spectral parameters. The bands exhibit different sensitivities to the motion of the rotating group; typically, for more susceptible bands the Raman signal becomes broader and the ROA intensity decreases. When these dynamical factors are taken into account in Boltzmann averaging of conformer contributions, simulated spectra not only better agree with the experiment, but shapes of the rotational potentials can be estimated. Effects of the molecular flexibility could be also demonstrated on differences in Raman spectra of the solution, crystalline, and glass (gellike) solid states of ALAZW. Experimental Raman and ROA spectra of four model dipeptides of different rigidities (Ala-Pro, Pro-Ala, Pro-Gly, and Gly-Pro) indicate that the broadening of spectral lines can be used as a general site-specific indicator of molecular rigidity or flexibility.
Introduction
The vast area of applications of molecular manipulations in medicine, chemical synthesis, and industry fuels ongoing interest in fundamental molecular properties and interactions governing molecular dynamics in different media. Advances of the computational techniques based on first principles 1 enabled better involvement of the molecular environment including the solvent [2] [3] [4] [5] [6] and allowed for modeling of finer structural details. This provides an important feedback into spectroscopic techniques, such as those exploring the Raman scattering, interpretation of which is to a large extent dependent on solid theoretical models. 7 In this study, we concentrate ourselves on a particular problem, flexibility and dynamics of the three rotating molecular residues in L-alanine zwitterion, as such motions seem to be crucial for correct interpretation of the Raman and Raman optical activity (ROA) spectra. It is generally accepted that the inhomogeneous line width broadening of spectral lines is caused by equilibria of many conformations and solvent interactions. [8] [9] [10] [11] [12] In the past many studies were dedicated to resolution of conformational mixtures by vibrational spectroscopy. [13] [14] [15] [16] Yet the movement of the CH 3 , NH 3 , and CO 2 groups has been traditionally considered only as a side-product of solvent clustering. 16, 17 However, for L-alanine, we can demonstrate that this motion significantly contributes to the formation of spectral shapes. In fact, experimental profiles cannot be explained unless the conformational averaging is taken into account. This is in agreement with surface, 18 glass, and crystalline solid-state (this paper) alanine spectra that exhibit much narrower bands. Experimental spectra of dipeptide molecules brought up in the discussion additionally suggest that the band-broadening phenomena may generally indicate molecular flexibility in a wide range of systems.
The L-alanine zwitterion (ALAZW) itself serves traditionally as a good model of chiral systems of biological relevance, which can be treated at a relatively high level of approximation. 16, [19] [20] [21] [22] [23] [24] The zwitterionic form is not stable in vacuum and explicit or implicit solvent models have to be involved in a consistent modeling. 25 Most of observed vibrational transitions have been assigned in detail on the basis of a harmonic analysis of vibrational spectra, although some features in the spectra could not be explained in full. 16, 26, 27 Profound effect of solvation and conformer transitions in alanine was indicated by computations on explicit alanine-water clusters. 21 In this study, we take advantage of the latest efficient implementations of the polarizable continuum solvent models 2, 28 and computations of ROA intensities implemented within the density functional theory (DFT) 29 facilitating modeling of the spectra for a large ensemble of conformers.
The ROA difference technique has been developed as an extension of the Raman spectroscopy allowing for chiral discrimination. 30 It proved to be particularly useful for structural studies of polar biopolymers (proteins, nucleic acids) in their natural aqueous environment. [31] [32] [33] [34] ROA spectrum of ALAZW has been previously recorded using the incident circular polarization (ICP) 35, 36 and dual circular polarization (DCP I ) 19 setup and fundamental transitions have been assigned to harmonic normal modes. The ROA DCP I intensities are virtually identical to the ICP signal obtained on our instrument, 37, 38 where, however, somewhat wider frequency region (100-1800 cm -1 ) can be reached. We thus do not discuss in detail the normal mode assignment and concentrate on the characterization of the multidimensional molecular potential energy surface and its relation to the observed spectra
Method
All samples were purchased from Sigma and used without further purification. Backscattered Raman and incident circular polarization (ICP) ROA ALAZW solution spectra were recorded on our spectrometer described elsewhere. 37, 38 All spectra were measured for nearly saturated solutions in doubly distilled deionized water at room temperature (∼293 K), using the 514.5 nm excitation wavelength and spectral resolution of 6.5 cm -1 . The concentration of both L-and D-alanine was 1.6 M, and laser power at the sample was set to 430 mW. Additionally, spectra of four zwitterionic dipeptides of various rigidities were measured under the same setup, with a laser power at the sample of 570 mW. The concentrations/accumulation times were 2 M/6.3 h for Gly-Pro, 0.89 M/8.5 h for Pro-Gly, 1.33 M/7.5 h for AlaPro, and 0.23 M/27.5 h for Pro-Ala. Solvent signal was subtracted from the spectra, and minor baseline corrections were made.
To compare solution and solid-state Raman ALAZW signals, solution, crystalline, and glass spectra were recorded on an HR800 Raman microspectrometer (Horiba Jobin Yvon). Continuous Kiefer scanning mode was used with a 600 grooves/ mm grating, a liquid-nitrogen-cooled CCD detector (1024 × 256 pixels), a spectral resolution of about 4 cm -1 (varying within the spectral range of frequencies recorded simultaneously), and 632.8 nm laser excitation wavelength. For crystalline ALAZW, a microscope objective of a moderate magnification (10×) was used to focus 4 mW of excitation laser power to a 2 µm diameter spot on the powder sample, and the spectrum was integrated for 120 s. Signal of the saturated solution 1.6 M L-alanine was detected in a macromode with 20 mW at the sample and an integration time of 10 min. The glass ALAZW form was prepared by deposition and evaporation of 4 µL of 0.01 mg/ mL L-alanine solution on a standard drop-coating deposition Raman (DCDR) substrate SpectRIM (Tienta Sciences) consisting of a polished stainless steel plate coated with a thin hydrophobic Teflon layer. [39] [40] [41] The drop was allowed to dry for 20 min at room temperature, and the spectrum was collected with a 50× microscope objective, a 2 mW laser power, and an integration time of 32 min.
Gaussian 29 software was used for simulation of Raman and ROA intensities within the harmonic approximation. Three DFT functionals, B3P86, B3PW91, and B3LYP, and three standard basis sets of Gaussian, 6-31G**, 6-31++G**, and 6-311G**, were used, although not all the computations are discussed in detail. Rotational barriers for the CH 3 , NH 3 + , and CO 2 -groups were estimated by one-(1D, for ψ, , ) and two-dimensional (2D, for , ψ) scans along the dihedral angles defined in Figure  1 , while the remaining coordinates were allowed to fully relax. The aqueous environment was accounted for by the COSMO continuum solvent model, 2,3 more specifically by its enhanced polarized continuum model (PCM) version that is in Gaussian referred to as CPCM. 29 Raman and ROA spectra were simulated with the B3LYP/6-31++G**/CPCM force field, HF/ 6-31++G**(vac) intensity tensors, and Lorenztian bands 6.5 cm -1 wide (full width at half-height). With the use of the energy scans, spectra of multiple conformers were averaged using the Boltzmann statistics for T ) 298 K. For the 2D ( , ψ) potential two-dimensional wave functions and probability distributions were calculated by solving the Schrödinger equation in nonorthogonal coordinates. 42, 43 Numerical integration and a plane wave basis of 676 functions were used; the final probability distribution was obtained by Boltzmann weighting of all state probabilities.
Results

L-Alanine Torsional Motions.
Similarly as done for ALAZW in the gas phase previously, 24 we mapped the molecular potential 
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62 (31) 119 (34) a In deg, defined in Figure 1 . b The rms deviations are given in parentheses. Figure 2 . Dependencies of molecular energy (E, left) and dihedral angles (right) on the angles , ψ, and (in deg, defined in Figure 1 ). The remaining coordinates in the one-dimensional scans were allowed to fully relax. energy surface (PES) as a function of the angles defined in Figure 1 with the CPCM water medium model. Equilibrium geometry parameters are listed in Table 1 . Clearly, especially the values of the ψ, angles are quite dependent on the approximation. Moreover, while probing the PES more thoroughly, we found a rather different behavior of the three rotating groups, which can be documented by the one-dimensional scans in Figure 2 . The rotation of the CH 3 group represents the simplest case. First, it can be associated with a well-defined harmonic normal mode coordinate, with computed harmonic frequency of about 228 cm -1 (refs 19, 16, Table 3 ). Also, this motion is well-separated from the other two rotations, as can be estimated from their dependence on the angle at the upper right corner of Figure 2 . The corresponding rotational barrier of about 3 kcal/mol is predicted consistently by all the six levels of approximation used. Finally, solid-state spectra (given below) will suggest that the fundamental transition of this mode provides a Table 3 . c Assignments of fundamentals 2-3 and anharmonic N-H and C-H stretching modes (nos. 27-33) should be considered speculative. strong distinct Raman signal, although the signal is not measurable in the solution spectra.
On the other hand, harmonic frequencies corresponding to the rotations of the CO 2 -and NH 3 + groups lie below 100 cm -1 , and the two normal mode coordinates are mixed. Additionally, frequencies of these low-energy modes are calculated with a big relative error. This is a general problem with ab initio Hessians of finite accuracy and has been described previously. 44 The one-dimensional energy dependencies plotted in Figure 2 provide shallow potential wells/plateaus for the minima. For the rotational barrier of CO 2 -the computations seem to converge to the value of about 4 kcal/mol obtained for the best basis set (6-31++G**), while for NH 3 + the barrier is lower and practically disappears for the best basis. The BPW91/6-31++G** and B3LYP/6-31++G** computations provide different equilibrium angles of 105°and 40°, respectively. Additionally, the two rotational motions are strongly coupled, as can be estimated from the dependencies plotted at the righthand side of Figure 2 . All the barriers appear somewhat smaller than those obtained for vacuum. 24 a Used abbreviations: υ, stretch (a-locally asymmetric, s-symmetric); d, deformation; r, rocking; t, torsion; for distances, bond and dihedral angles symbols R, B, and D are used, respectively; atom numbering defined in Figure 1 . Because of the coupling, the full 2D PES maps displayed in Figure 3 provide a better basis for understanding of the molecular motion. Here surfaces obtained by the B3LYP and B3P86 functionals are compared, the latter giving approximately the same minima as BPW91 (see also Table 1 ). Despite the different location of the minima, the two computations provide similar shallow sinusoidal "valleys" controlled by correlated rotations of the CO 2 -and NH 3 + groups. Large deviations from the equilibrium structure are possible, as can be estimated from the wave functions and probability distributions plotted in Figure  4 . At 298 K the B3LYP computation predicts almost a free rotation of the NH 3 + group, while CO 2 -moves much less (see the root-mean-square (rms) deviations of about 31°and 17°, respectively, listed at the lower part of Table 1) .
TABLE 3: Definitions of Symmetry-Adapted Internal Coordinates (SAIC) of ALAZW Used in
Spectral Peak Broadenings. The motions of the three rotating groups influence fundamental vibrations of the remaining normal mode coordinates differently. This can be documented in Figure 5 where the Raman and ROA intensities are simulated for different rotamers. To separate the motions by preventing rotation coupling, the CO 2 -conformation was fixed in its equilibrium position during the NH 3 + rotation, and vice versa. We can thus see, for example, that the sole NH 3 + rotation does not significantly change peak positions within 250-890 cm -1 , although it can significantly modulate the Raman and ROA intensities in that region. In the same frequency interval, the CO 2 -rotation is reflected by changes of both peak positions and their intensities. The band centered around 588 cm -1 (CH 3 rocking, see Tables 2 and 3 ) appears particularly sensitive to the CO 2 -movement and changes the position within ∼100 cm -1 during the rotation. Higher-frequency peaks (∼900-1680 cm -1 ) react qualitatively similarly to the NH 3 + and CO 2 -rotations. By contrast, the rotation of the CH 3 group has a relatively minor effect on the spectra. Interestingly, however, it often affects bands relatively unperturbed by the movement of the charged groups. For example, the band at 1200 cm -1 is affected almost solely by the CH 3 rotation, changing its position within ∼30 cm -1 . More importantly, ROA signs of about half of the total number of the bands can be reversed by rotations involving the three , , ψ angles, a phenomenon perhaps rather surprising for such a simple molecule as ALAZW. Nevertheless, similar sensitivity was observed lately for another form of molecular chirality of small molecules, the optical rotation. 23 Despite the different equilibrium geometries, we obtained quite similar Raman and ROA-averaged spectra with the B3LYP and B3P86 functionals. Therefore, only the B3LYP results are discussed further. The spectra nicely correspond to the experiment, as can be seen in Figure 6 . Particularly, for the Raman signal, the broader relative widths of peaks corresponding to normal mode nos. [4] [5] [6] 8 , and 24-26 can be explained by the molecular flexibility (cf., Figures 5 and 6) . Overall, the experimental line widths, however, are still slightly wider, which can be attributed to a dynamical influence of the solvent, not included in the static CPCM model. ROA intensities of peaks most affected by the broadening are rather low. Especially, the experimental signal for modes 4-8 and 24-26 is on the brink of the detection limits, which qualitatively corresponds to the simulation. The predicted strong negative intensity at 320 cm -1 was not observed, but the overall positive signal at this region is consistent. Unfortunately, our simulation is rather deficient in the C-H, N-H bending region (1415-1500 cm -1 ) where perhaps anharmonic interactions perturb the spectra.
Flexibility of ALAZW in Different States. Previously, for molecules in the vicinity of surfaces, 18 it was suggested that rotations of some flexible groups may be hindered. We observed an analogous phenomenon while comparing Raman intensities obtained for glass, solution, and a crystalline powder sample as plotted in Figure 7 . Typically, the crystalline-state spectra provide sharper bands, and they can be better identified with simulation for the equilibrium structure (lowest trace in Figure  7 ), while the averaging ( Figure 6 ) is desirable for correct interpretation of the solution signal. For example, the fundamental band no. 8 is much narrower in the crystalline-state spectrum, most probably because of the freezing of the CO 2 -rotation. Similarly, Raman bands of the modes 24-26 can be resolved here. Note, however, that the single conformer computation for an isolated molecule may not be entirely relevant for the simulation of the crystal spectrum, which is perhaps indicated by the relative intensity disagreement, namely, for the bands within 200-400 cm -1 . Microcrystal spectra were also somewhat sensitive to the crystal orientation, detailed analysis of which goes beyond the aims of present work. However, the signal of the CH 3 rotation (mode no. 3), probably not significantly affected by the crystal forces, can be clearly identified in the crystalline-state spectra. In contrast, the glass spectrum is much closer to that obtained in the solution. Supposedly, during the gel/glass formation, a random distribution of the , ψ, angles in ALAZW was conserved, similar to that in the solution. Note that water is almost entirely absent in the glass phase, as can be estimated from the lack of the signal of the O-H stretching within 3100-3600 cm -1 . We cannot explain the specific glass bands at 1047 (18) and 1077-(63) cm -1 (A, B in Figure 7 , peak widths are in parentheses). Otherwise the glass peak frequencies almost coincide with the solution values, and peak widths (both summarized in Table 2 ) are mostly only slightly bigger, except of some lowest-energy bands (nos. 4, 5, 6, and 9), narrower in the glass.
Qualitative Comparison of Spectra of Rigid and Flexible Molecules. We can thus conclude that ALAZW molecular flexibility can significantly modify Raman and ROA spectral intensities, band positions, and, in an extreme case, the ROA signs. Additionally, the spectra of bigger zwitterionic dipeptides presented in Figure 8 suggest that the potential of the method to monitor molecular flexibility is retained also for larger systems and that the broadening of spectral lines is crucial for spectral interpretation. Indeed, for the relatively rigid Gly-Pro and Ala-Pro zwitterionic peptides, where only one (ψ) main chain torsion angle moves freely, the Raman and ROA spectra presented on the left-hand side of Figure 8 exhibit the "rigid features" consisting in sharp Raman bands and relatively intense ROA signal within 200-750 cm -1 . On the other hand, the spectra of presumably more flexible Pro-Gly and Pro-Ala where two main chain angles (ψ, ) can move (plotted at the righthand side of Figure 8 ) are, at least visually, quite different and more in line with the "flexible" ALAZW spectrum (broader bands, small signal in the lowest-frequency region). We can additionally speculate that the terminal CO 2 -group (largely perturbing the bands for ALAZW, see Figure 5 ) in the flexible Pro-Gly and Pro-Ala molecules rotates more because the coupling with the proline ring motion is removed.
Conclusions
For ALAZW we have seen that the analysis of the Raman and ROA spectra in solution is in agreement with the molecular potential energy surface obtained ab initio. Motions of different molecular parts selectively broaden different spectral bands. The spectrum of the crystalline sample was consistent with a onegeometry model, while simulations for the solution or glass states required conformer averaging. Thus, the combination of Raman spectroscopy and ab initio analysis may not only reveal an average molecular structure but also map real geometric dispersion. As indicated for the bigger dipeptides, the conformational broadening should be always taken into account for spectra of flexible systems. If seen from another perspective, the Raman and ROA spectroscopies thus provide a relatively simple means for monitoring of basic molecular motions in peptides.
